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1. SUMMARY 
Lactose is a disaccharide contained in milk, in a 5% of its volume. The existence of this 
carbohydrate causes serious crystallization difficulties in the dairy industry, in addition to 
environmental problems. Moreover, it has to be taken into consideration that a 70% of the 
population is lactose intolerant. 
The present document shows the results of a study carried out in order to determine the 
current condition of the lactose hydrolysis process to produce free-lactose milk. The study will 
base on the process variables and the optimal conditions of the enzymatic hydrolysis, always 
taking into account the extent of reaction. The reaction presents inhibition by product which 
should have to be minimized in order to reach an efficiency of the process higher than an 80%. 
Moreover, it will be determined economic and social factors involved in the selection of this kind 
of process, that make more suitable the use of soluble enzyme instead of the immobilized one. 
On the other hand, a literature search has been done to study the different thermal 
treatments applicable to raw milk in order to deactivate the soluble enzyme that causes the 
lactose hydrolysis.  It will be develop the mathematic modeling of a thermal treatment which will 
allow inactivating the enzymes and the micro-organisms presents in free-lactose milk for human 
consumption. In this case, HTST pasteurization (High Temperature Short Time) avoids a 
meaningful change of the flavor of milk and the loss of its nutritional components as calcium and 
vitamins source. 
The modeling will be done with a plate heat exchanger of four sections to treat a flow of 
6.500 L/h and a pasteurization temperature of 84ºC. The model will be validated by software 
simulation and compared to real data provided by the industry. 
Keywords: enzymatic hydrolysis, lactose, lactase, inhibition, pasteurization, plate heat 
exchanger design 
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2. RESUM 
La lactosa és un disacàrid present en un 5% en volum en la llet. La presència d’aquest 
carbohidrat provoca greus problemes de cristal·lització en la indústria làctia, mediambientals i  
d’intolerància que afecten a més del  70% de la població mundial.  
En aquest treball es determinarà l’estat actual del processos d’hidròlisi per la producció de 
llet sense lactosa. S’aprofunditzarà en l’estudi de les variables de procés i condicions òptimes 
de la hidròlisis enzimàtica tenint en compte el grau d’avanç de la reacció. Una reacció que 
presenta problemes d’inhibició per producte que hauran de ser minimitzats per tal d’assolir un 
rendiment del procés superior al 80%. A més, es veuran els factors economicosocials que 
intervenen en la selecció d’aquest tipus de procés i que fan més viable la utilització de l’enzim 
soluble front a l’immobilitzat.  
D’altra banda, per tal d’arribar al producte final s’estudiaran els diferents tractaments 
tèrmics aplicables a la llet per l’eliminació de l’enzim soluble responsable de la hidròlisi de la 
lactosa. Es procedirà a desenvolupar el model matemàtic d’un tractament tèrmic que permeti 
inactivar tant els enzims com els microorganismes presents en la llet deslactosada amb 
l’objectiu de fer-la apta per al consum humà. En aquest cas, la pasteurització HTST (High 
Temperature Short Time) que evita la alteració significativa del sabor de la llet y la pèrdua dels 
seus components nutricionals com ara la font de calci i de vitamines.  
La modelització es durà a terme per un bescanviador de plaques de quatre seccions per 
tractar un cabal de llet de 6.500 L/h i una temperatura de pasteurització de 84ºC. Es 
comprovarà  la validesa del model  respecte a dades reals facilitades per una companyia del 
sector y una simulació del mateix.  
Paraules clau: hidròlisi, lactosa, lactasa, inhibició, pasteurització, bescanviador de plaques, 
model matemàtic.
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3. INTRODUCTION 
70 % of the world population suffers from lactose intolerance due to a low activity or a 
deficiency of the enzyme ß-galactosidase, which is responsible for the hydrolysis of lactose in 
glucose and galactose. Hydrolyzing the lactose before avoids these problems of intolerance as 
well as those related to the crystallization in the production of dairy products and those derived 
from the high lacto serums contamination. Consequently, the need to manufacture lactose-free 
dairy products increases.  
In spite of the fact that industrial process by means of enzymatic hydrolysis already exists at 
commercial level, there are many drawbacks that limit its performance. The commercial 
lactases suffer from inhibition by product preventing, in this way, that the extent of the reaction 
reaches the 100 %. Though, until now, dairy industries avoid or reduce this problem of inhibition 
resorting to the immobilization and later recovering the enzyme. Nowadays, it turns out to be 
more economically profitable to hydrolyze the lactose using a soluble enzyme. 
In this sense, dairy companies prefer to use soluble enzymes instead of immobilized ones, 
for the simple fact it is more appropriate for them to say that the enzyme is not recovered but 
eliminated of the final product by means of thermal treatment. Customers feel safer knowing 
that the product they drink is as similar as possible to the one that goes out of the cow and does 
not contain substances that they consider to be strange. 
On the other hand, to inactivate these enzymes and microorganisms a thermal processing 
is needed. Several pasteurization processes are present in the industry but not all preserved the 
quality of milk as its vitamins or calcium, producing a final product not suitable for human 
consumption. 
The main aim of the present work is to establish the state of the art of the process of the 
lactose hydrolysis and to model a plate heat exchanger, which contributes to extend the shelf 
life of free-lactose milk. This design will be validated by comparison to real data provided by the 
industry. 
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4. OBJECTIVES 
Considering the aforementioned facts, the present work aims these following objectives: 
 To establish the state of the art of the process of the lactose hydrolysis to determine the 
influence of the process variables on the reaction as well as the by-product minimization.  
 To study heat treatments applied to eliminate soluble enzymes to obtain milk completely 
suitable for human consumption. 
 To develop a mathematical modeling of a thermal treatment for free-lactose milk. 
 To validate the model by comparing it to a software simulation, the literature and real data from 
the dairy industry. 
5. MILK  
Milk is a liquid secreted by the mammary glands of the female mammals after the birth of 
the calf. Especially that of bovine origin is considered to be the best fresh food by its high 
nutritional value. The average composition of milk is approximately the described in Table 1. 
 
Compound Content (vol. %) 
 Water 87,0 
Fats 3,8 
 Proteins    3,5 
  Minerals    1,0  
 Lactose 4,7 
Table 1. Chemical composition of milk [1] 
The water is the fluid where salts, the vitamins and the lactose are dissolved forming an 
emulsion with the fats and the proteins. These milk fats are easily digestible and they contain A, 
D and E vitamins which contribute to the flavor and the physical properties of dairy products. 
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On the other hand, the proteins of the milk, specially the casein, the albumen and the 
globulin provide an excellent and healthy source of amino acids which are essential for the 
development of the muscles. The minerals, basically calcium, phosphorus and magnesium, 
have an important nourishing contribution in milk as for the growth and the maintenance of the 
bones. 
Lactose is the main sugar of milk being in charge of its sweetness. It will be absorbed by the 
intestine once hydrolyzed in glucose and galactose. 
5.1. LACTOSE  
Lactose is the main carbohydrate of milk. It is a disaccharide, a sugar formed by two 
monosaccharide joined: D-glucose and D-galactose. Mammal organisms produce an enzyme 
naturally, the lactase, able to hydrolyze the lactose enabling that these two sugars can be 
absorbed by the intestine. 
5.1.1. Kinetic of lactose hydrolyses 
The production of free-lactose milk is based on the natural reaction of transformation the 
lactose from milk represented in Figure 1. 
 
 
 
 
 
 
 
Figure 1. Enzymatic lactose hydrolysis [1]. 
Several enzymatic models are considered to determinate the kinetic parameters (see Table 
2). The model that better fits the experimental data based on the mechanism of reaction 
suggested by Abuu-Reesh (2000) [2]. It is a Michaelis- Menten type with competitive inhibition for 
product, for galactose [3]. The inhibitor is fixed on the enzyme taking up the place of the substrat 
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and competing with this last for the active place (Appendix 1). This mechanism of the reaction 
is number two of Table 2. 
 
 Kinetic model Enzymatic 
mechanism 
Ecuation 
1 Michaelis-Menten without inhibition E+S  ES  E+P   
       
     
 
2 Michaelis-Menten with competitive by 
product inhibition  
E+S  ES  E+P 
E+P EP 
  
       
              
 
3 Michaelis-Menten with acompetitive by 
product inhibition 
E+S  ES  E+P 
ES+P ESP 
  
       
              
 
4 Michaelis-Menten with no competitive by 
product inhibition 
E+S  ES  E+P 
ES+P ESP 
E+P EP 
  
       
                       
 
Table 2. Enzymatic models proposed for lactose hydrolysis [2], [4]. 
Though the comparison of the kinetic parameters obtained in several studies is difficult, due 
to changes in the experimental conditions established by some authors, in general terms, the 
values of Km, Ki and Vmax found appear in Table 3. 
 
 
 
 
 
 
 
Table 3. Estimated values of the lactose hydrolyses mechanism [2] 
 
 
Parameter Value 
Vmax 0,0186 mol/(mg.min) 
Km 0,08 M 
Ki 6,92 M 
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With, 
Km: Subtrate concentration when V0 is a half of Vmax. It is a measure of the affinity of the 
enzyme for substrate. As minor  this Km value is, major the affinity of the enzyme for the substrat 
is. 
Vmax: Maximum theoric velocity reached when all the active centres are occupied by the 
substrate (it is never really reached). 
Ki: inhibitor constant, it is defined as the constant of disociation of the complex enzyme-
inhibitor. 
Cs: substrate concentration  
Cp: product concentration  
5.1.2. Lactose concerns 
Milk is the nearest food to the nutritional perfection. Nevertheless, one of its components, 
the lactose causes technological, environmental and health problems for several reasons. 
Firstly, lactose is characterized for having a low sweetener and to be slightly soluble (19 g/100 
mL into water to 20 °C) [5]. In the production of concentrated milk and ice creams, lactose 
presents problems of crystallization due to the formation of small crystals with a needle shape 
that give a disagreeable appearance to these products. 
The hydrolysis of lactose in glucose and galactose improves the sweetener without 
increasing its caloric power, avoiding the phenomena of crystallization observed in the 
concentration or the storage of milk as well as in the production of ice creams. The reason is 
that the solubility of these sugars is higher than those of lactose. In addition, the high content of 
lactose in the whey derived from the manufacture of cheeses becomes a pollutant when it is 
directly spilt to the drainage (Appendix 2), for its high biochemical demand of oxygen (DBO) 
5.000 mg O2/L [5].  
From the nourishing point of view, lactose can cause digestive problems in those individuals 
who suffer from lactase insufficiency. In order that lactose can be correctly assimilated in the 
digestive system the hydrolysis in glucose and galactose is necessary, these sugars have 
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sweetener power and readily assimilated. In the hydrolysis, the presence of the enzyme called 
lactase or ß-galactosidase is necessary. 
5.1.2.1. Lactose intolerance 
The nourishing properties of milk do it an excellent food for all the ages so it plays an 
important role in the diet, especially cow’s milk. Nevertheless, an important part of the world 
population and about 15 % of the Spanish one (see Table 4), suffer a deficit or low activity of 
the intestinal lactase that prevents it from assimilating the lactose in different food, among which 
that of milk. It is due to the fact that lactose which has not been digested in the small intestine 
goes to the large one where it is fermented by the bacteria of the intestinal flora, producing 
hydrogen and other gases. 
Until recently, the recommendation for the lactose intolerant people was the reduction or 
elimination of dairy products from their diet. However, it supposed resigning essential nutrients 
of milk as calcium, vitamin D, riboflavin and proteins, and of course, its flavor. In several 
countries, the problems of bad absorption of lactose in milk have been counteracted by the 
manufacture of dairy products with low contents of this disaccharide that assures the 
contribution of necessary calcium. 
 
Swedish English Russian Spanish Arab Eskimo Mexican Center African  Thai 
1% 6% 15% 15% 80% 83% 83% 83% 98% 
Table 4. Distribution of lactose intolerant population in the world [6]. 
5.1.2.2. Lactose elimination 
The elimination of lactose can take place for physical methods by precipitation or chemical 
ones by hydrolysis. The physical route is not the most appropriate way as it alters the flavor and 
the energetic contribution, such as vitamins and minerals losses. On the other hand, the 
hydrolysis allows to obtain an equimolar mixture of glucose and galactose that possesses some 
better functional properties to those of lactose. It can be carried out by chemical methods with 
strong acids, resins or enzymes, in other words, lactase. The first method spoils the proteins of 
dairy products whereas the second one offers the inherent advantages of the enzymatic 
processes, mainly the specificity and it does not need extreme conditions of operation. 
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6. INDUSTRIAL PROCESSES FOR LACTOSE 
HYDROLYSIS 
As mentioned before, the lactose intolerance problems have been counteracted by the 
manufacture of dairy products with low content of this disaccharide. There are a great number 
of reports about these production technologies applied to whey; on the contrary, there is a lack 
of information for the milk treatment. The processes of hydrolysis can be chemical, physical or 
microbiological.  
6.1. ACID HYDROLYSIS 
Lactose hydrolysis by means of acid is complex due to the fact that this sugar shows a great 
stability to chemical agents. The intervention of acids is necessary to unfold it. This method is 
not applicable to milk, because sudden pH changes occur, it is only used in whey permeates. 
6.2. LACTOSE ULTRA FILTRATION 
It is a physical method in which lactose is eliminated using membranes of 0,5  m with a 
tangential flow. This technology is not used on a large scale because of the high operation costs 
[7]. 
6.3. ENZYMATIC PROCESS 
An efficient and economically viable process of lactose hydrolysis depends on the cost of 
the production of the enzyme, favorable kinetics and the properties of stability. The most 
important factors that concern the rate of the catalyzed reactions are: the concentration of the 
enzyme and substrate, the presence of inhibitors, pH, ionic force and temperature. Several 
authors have carried out the lactose hydrolysis using enzymes coming from different sources. 
The equations and enzymatic mechanisms for these kinetic models are described in Table 2. 
Depending on the origin of the enzyme the reaction will be closer to one model or the other. The 
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enzymes, for the simple fact of being proteins suffer from denaturalization for the effect of 
temperature (and pH), fact that should take into account later. 
The application of enzymes in the production of lactose from hydrolyzed milk is quite 
common and three main types of process can be found. 
6.3.1. Free and soluble enzyme 
The employment of free enzyme can be carried out at temperature from 30 to 40°C 
between 3 and 5 hours; this way, the rate at which pollutant microorganisms of the milk grow is 
high, in contrast, at low temperatures (3 and 4ºC) a period of time from 16 to 24 h is needed. 
Under these conditions the extent of reaction obtained is from 70 to 80 % of lactose milk 
hydrolysis [8]. 
The enzyme is directly added to the reactor and it is kept up to the desired point of lactose 
hydrolysis. Small reactors where the enzyme and milk are fed continually and at the same time 
the hydrolyzed product moves out, are often used to carry out the reaction. The hydrolysis in 
batch mode is more economic and is the most used process in the dairy industry as for milk and 
whey. The advantages of the process of free enzyme takes lie in its simplicity and flexibility in 
conditions of operation and selection of the enzyme source. Its main drawback is the loss of the 
lactase with the product. 
6.3.2. Recuperation of the enzyme 
Enzyme recovery systems based on membranes are in use nowadays. The process 
consists of the ultra-filtering of milk, allowing the hydrolysis in the reactor where a portion 
retained in the initial filtration is added to the hydrolyzed flow. This process is complex and 
expensive and thus is not suitable in the industry. A disadvantage of this process is the 
accumulation of calcium salts in the membranes, which diminishes considerably its efficiency. 
6.3.3. Injection of sterile enzyme 
In the system of injection by sterile enzyme, a small amount of enzyme will be used to let it 
act during the time of the product storage ([8], [9]). Its disadvantages are the lack of control in the 
level of hydrolysis and the presence of proteases that produces disagreeable smell and flavor. 
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6.3.4. Immobilized enzyme 
The immobilization of enzymes is a process where the enzyme is located in a region of the 
space, to give place to insoluble forms that retain its catalytic activity. They can be re-used 
repeatedly. 
In general, there are two types of reactors to immobilize enzymes, packed bed and fluidized 
bed. Reactors of packed bed have the advantage of being easy to operate and it can be get 
faster hydrolysis for liter of enzyme used than in reactors of fluid bed [10]. A disadvantage is the 
microbial growth on the support. This problem can lead to the contamination of the product, 
above all, when the substrate is milk [9], [11]. The reactor of fluidized bed avoids this problem 
thanks to the constant movement of the particles that the enzyme contains. The main drawback 
consists in its operation complexity.  
In regard to the advantages of using immobilized enzymes, it can be emphasized the 
increase of stability of the enzyme and the possible reutilization of the derivative, which lead to 
diminish the costs of the process [12]. In addition, reactors with immobilized enzymes allow the 
employing of high loads of enzyme, which will support its activity during more time. These 
systems can include recycling, allowing the extraction of products with highest purity. The main 
disadvantages of the immobilization process are the alteration of the enzyme conformation and 
the great heterogeneity of the enzyme – support system [11]. 
6.3.4.1. Supports 
The choice of the support and the type of link turns out to be determinant in the later 
behavior of the biocatalyst. It is necessary to try that the immobilization increases the affinity for 
the substratum, diminishes the inhibition, extends the ideally interval of pH and reduces the 
possible microbial contamination [5], [11]. Besides, the support must have mechanical resistance 
adapted to operation conditions of the reactor and it must be easily separable of the liquid in 
order to re-used it.  
There is a wide variety of materials used as supports for immobilized enzymes. These 
materials differ in size, density, porosity and form, though generally they are in a cylindrical 
shape, leaves, fibers and the most common one is in the shape of spheres. 
Supports can be classified in two big groups [13]: 
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- Inorganic supports:  Inside this group there are a great variety of supports, which can be 
natives (clays as the bentonita, pumice, silica, etc.) or manufactured materials (oxides of metals 
and glass, not porous glass, alumina, ceramics, gel of silica, etc.)  
-Organic Supports: They can be classified as natural or synthetic polymers. 
 The enzymes can join these supports by means of physical adsorption or for covalent 
union. 
In general, methods which are difficult to prepare and whose costs are higher provide stable 
and lasting biocatalysts. On the other hand, those simple methods as entrapment or adsorption, 
where the union between the enzyme and the support is weak originate immobilized derivatives 
that present losses of activity and which must be supplied constantly. Therefore, the best joining 
method for the support is covalent union. The immobilization of enzymes by this method is 
based on the formation of covalent bonds between the enzyme and the support. The covalent 
union is strong and the enzymatic immobilized preparations are therefore stable. Losses of 
enzyme do not take place to the solution for presence of a substratum or in solve strongly ionic 
raised. The enzyme will be securely affixed since it would be joined by covalent bonds and the 
risk of losing is minor [14]. The method of covalent bond is one of the most used to immobilize 
lactase (Appendix 3). 
7. CHOICE OF THE BEST TECHNOLOGY 
Nowadays, food processing industries are the widest field of application of the enzymatic 
processes. This is due to some important factors as the increase of sweetener and digestibility, 
insolubility for formation of clots, the decrease of crystallization, better bacteriological stability, 
improvement of texture, etc. This implies low production costs and high rates of reaction in short 
time. So, the enzymes are catalysts which allow to increase the rate of the chemical reaction.  
However, the production and industrial use of enzymes entail a high cost associated with 
the thermal instability that they present. The use of immobilized enzymes has certain 
advantages compared to the soluble ones. The development of the technologies of 
immobilization promotes its applications reducing considerably the costs due to the fact that 
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after their use they can be recovered by means of centrifugation or filtration. It is able to carry 
out the isolation and the purification of the products easily. That is why it is suitable to use 
immobilized enzymes on supports or by means of polymerization (heterogeneous phase). Thus 
it is possible to re-use the enzyme supposing an economic saving. Moreover, those products 
can be easily separated and the problems of effluent and raw materials are minimized. The 
properties of the enzyme like the activity and the stability can be altered favorably. 
Immobilized enzymes present different characteristics to the soluble ones due to the fact 
that their properties are influenced by different factors related to the chemical and structural 
nature of the support, as well as the joining method used to affix the enzyme. The 
immobilization of one enzyme on a support can increase its stability against the denaturalization 
for different agents. This happens especially if this implies conformational changes which 
diminish the inhibition by product. The number of interactions or links between the enzyme and 
the support plays an important role. 
The immobilization in gels makes that the interactions between the enzyme and the support 
are purely mechanical and that the enzyme retains the identity of free dissolution preserving the 
selectivity of the substratum and the majority of its properties. The size of the pore can be larger 
without the risk of that the enzyme goes out of the gel, so it will diminishes the resistance to the 
diffusion of substratum and products. 
It is quite frequent that the enzyme suffers retroinhibition due to the substrate of the 
reaction, is to say, that the activity should diminish as the enzyme enters come into contact with 
a major quantity of substratum. It can be counteracted by using a cyclical operation. The 
substratum is expelled out of the gel when it contracts, this way it diminishes the concentration 
and inhibition. For this type of process thermo reversible gels are normally used. These gels 
work at lower temperatures than those of the thermal denaturalization, so that the enzymatic 
reaches its maximum activity. Some immobilizations of lactase enzymes are made in this type 
of gels to reduce the inhibition caused by the product, obtaining conversions of up to 40 % most 
raised than to the isothermal operations [15].  
On the other hand, in the case of covalent union bond, a protection phenomenon to the pH 
is observed but in minor measure that in case of immobilization for entrapment due to the fact 
that the network in the first one presents less quantity of monomer and therefore, fewer 
ionizable groups. By contrast, a protection phenomenon takes place to the temperature for 
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values of moderated pH due to the fact that when the enzymes joins the counterfoil a 
denaturalization process occurs, the probability of them re-naturalizing again increases. 
Nevertheless if temperature and pH raise also the denaturalization becomes irreversible and the 
possibility of recovery would not exist. 
7.1. SELECTION OF ENZYME RESPONSIBLE OF LACTOSE HYDROLYSIS 
Nowadays, there are in use enzymes from microbial origin and not animal or vegetable due 
to the fact that they present better thermo stability and variety as for in conditions of operation 
depending on the microorganism producer. Legal regulation in health and safety in the 
production of food products demands that the microorganisms from which the enzymes are 
obtained are not pathogenic, not toxic, and there is an absence of bacterial pollution as well as 
the innocuousness of excipients that are added to the enzymatic commercial preparations, or of 
the reagents and supports used in the immobilization. There is a list of accepted products 
known as GRAS (Generally recognized as Safe) and particular microorganisms whose safety 
has been accepted by the regulatory authorities are gathered in the FCC (Food Chemical 
Codex). 
The enzyme responsible of lactose hydrolysis is the lactase or ß-galactosidase which 
properties will depend on its source of origin. Then, the commercial preparation of the enzyme, 
the method of immobilization used and the type of support selected influence the conditions of 
temperature and pH that must be used. In spite of having many sources of this enzyme, not all 
of them are accepted or recognized as innocuous for their industrial application, especially in 
the food processing industry.  Lactase from Escherichia coli, though it is a specie studied 
enough, is not in food processing due to its high cost and it can also cause toxicity problems. It 
is only used in analytical chemistry [15]. Aspergillus's preparations Niger, Aspergillus oryzae and 
Kluyveromyces (lactis or fragilis) are considered to be safe sources of utilization. Generally, the 
commercial preparations of lactases proceeding from fungi, especially Aspergillus Niger and 
Aspergillus oryzae, are of great importance, particularly when the conditions of operation are in 
a range of acid pH (2,5-4,5), being adapted for the hydrolysis of the acid whey [16]. 
The ß-galactosidases from yeasts Kluyveromyces fragilis and Kluyveromyces lactis have an 
ideal pH concentrated in the neutral region, pH between 6 and 7 and between 6,5 and 7,5 
respectively, are accepted well for lactose hydrolysis of milk and of sweet whey([8],[17]). 
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The above mentioned enzymes are strongly inhibited by high concentration of calcium in the 
milk and small concentrations of sodium as for the presence of galactose and glucose. They 
present ideal temperature of activity between 30°C and 40°C, which represents a disadvantage, 
since it facilitates the microbial pollution, being advisable to include a short period of hydrolysis, 
from 2 to 3 hours. This way, enzymes coming from fungi are used for lactose hydrolysis of the 
whey, whereas those of yeast and bacteria are used for the hydrolysis of the sugar in milk (pH = 
6,6) and in syrups of whey (pH = 6,1).  ß -galactosidases from Saccharomyces, especially of S. 
lactis, is present in the majority of dairy preparations, due to the fact that its ideal conditions (35-
40ºC, pH 6,6-6,8) are near the native temperature and pH of milk and the majority of dairy 
preparations . In addition, they present a high activity, despite their very low temperatures 
(minors of 40ºC). The conditions of temperature and pH of maximum activity of enzymes ß-
galactosidase of different microorganisms are presented in Table.5. 
 
Microorganism T(ºC) pH 
Escherichia coli. 37 7,0-7,3 
Aspergillus niger. 40-60 3,6 
Kluyveromyces fragilis. 37-43 7,0 
Kluyveromices lactis. 34-45 6,5-7,5 
Table 5. Temperature and optimum pH of lactase from different micro-organisms [11], [17], [18], [19]. 
7.1.1.  pH and temperature influence 
pH and temperature can be fixed in 6,5 and 45°C respectively (Appendix 4), because they 
were the best evaluated conditions in hydrolysis, under which the major activity of enzyme is 
obtained [11],[18],[19,[20]. Nevertheless, enzyme can continue hydrolyzing successfully to higher 
temperatures, up to about 65°C but with a lower activity. 
With regard to the pH, lactase presents great sensibility to changes in this condition, as it 
was demonstrated that on increasing or diminishing this value just in only one unit, the enzyme 
loses significantly great part of its activity. At the end of pH range the activity is almost nie. It is 
possible to obtain 100 % of hydrolysis in about an hour, using only 0,1 g/L of enzyme [12]. 
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Adding more enzymes the same percentage will be obtained in the same time of hydrolysis, 
though the rate will be lightly increased. The rate of reaction decreases due to the galactose 
inhibition, as it has been shown in the literature. 
7.1.2. Optimization of conditions 
According to the state of the art established, the best conditions to develop lactose 
hydrolysis are the following ones:  temperature of 45ºC, pH of 6.5, 0,1 g/L of enzyme ß-
galactosidase from kluyveromices lactis immobilized on support of gel by covalent union.  
There are several commercial methods of lactose hydrolysis in use (see Appendix 5). Due 
to the high quantities of product that implies the process with soluble enzyme the most used 
method is that of immobilized enzyme [10], [21]. However, nowadays, and due to the decrease of 
enzymes prices, it is more profitable to use soluble enzyme which then will be eliminated by 
thermal processes [22]. These thermal processes are the same that those of pasteurization of 
common milk, which the plant already takes it into account so that there are no extra costs. 
Moreover the social impact supports this preference. To explain this change of mind of dairy 
industries it is necessary to add a small economic detail later. 
7.2. ECONOMY 
To support this idea, the price of soluble enzyme, lactosym-Pure 6.500 L (Appendix 6) is 
fixed on 45 €/kg [23].  On the other hand, the price of immobilize lactase from K.lactis joined by 
covalent union to glioxil-agarosa, cost 847,00 € [24] for only 100 mg of enzyme (Appendix 7). 
That means almost 200. 0000 times more.  
Moreover, bearing in mind that the process of enzyme recovery, is usually done by ultra-
filtration which is relatively expensive, nowadays it is most profitable to use soluble enzyme 
methods to hydrolyse the lactose of milk than immobilized methods, especially for pilot plants. 
To have a quick overview of the increase in the cost that free-lactose milk could suppose, 
“Central Lechera Asturiana” milk sells its skimmed milk at 0,79 € /l  and its milk without lactose 
to 1,15 € /l [25]. Therefore, it is important that the costs of the process are as low as possible in 
view of consumers. 
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7.3. SOCIAL IMPACT 
It is common that the intervention of the biotechnology sciences in the food processing 
industry scares the society. Prejudices are often discussed on the nutrition established in 
individuals due to the fact that it is thought that they can be a risk for health. 
Society is still traditional in the aspect of the food, though it is known that food that is always 
in the fridge as yogurt or cheese is obtained from the fermentation of milk or that these 
biotechnologies included are used for the manufacture of alcoholic drinks. Despite this, society 
proves to be reticent. Consumers of free lactose milk prefer buying the product knowing that the 
biological agent was been eliminated from milk and does not contain substances that they 
consider to be strange [22]. All these facts justifie the employment of soluble enzyme. 
8. HEAT TREATMENTS 
The manufacturing process of free lactose milk consists of the following stages. As soon as 
milk has been subjected to a thermal soft treatment, it is added to a tank together with the 
enzyme. The temperature and the pH are controlled. The extent of the reaction obtained is 70-
80 % and it is establish by the temperature, the time of reaction and the quantity of enzyme 
added. The milk is pasteurized later in order to eliminate enzymes or bacteria as it is describe in 
Figure 2.  
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Figure 2. Diagram of hydrolysis lactose process. 
Once the lactose hydrolysis by soluble lactase takes place in the reactor, it is necessary to 
eliminate the enzyme and consequently, the pathogenic bacteria present in milk. In accordance 
with some studies, the thermal intense treatment to which milk is subjected can result in 
caramelized lactose and the liberation of sulfuryl groups. It is detected by a coffee color and a 
change in flavor due to the destruction of 30 % of vitamins and to the precipitation of up to 60 % 
of the proteins of the whey. There are three types of well differentiated processes: slow or VAT 
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(Low Temperature Pasteurization), pasteurization at high temperatures during a brief period 
(HTST - High Temperature / Short Time) and the process at ultra-high temperatures (U.H.T - 
Ultra - High Temperature) [26], [27]. 
8.1. LOW TEMPERATURE PASTEURIZATION (VAT) 
The pasteurization of milk is a thermal process that in a certain time achieves the 
destruction of all the pathogenic organisms that it could contain without considerably altering its 
composition, either flavor or nutritional value. So between 90 and 99% of microorganism are 
eliminated and enzymes are deactivated. Moreover is a form to prolong the life of the product. 
VAT was the first pasteurization method, though it has been improved by more effective 
systems. This process consists of heating big volumes of milk in a container at 63 ° C during 30 
minutes, and then the milk is cooled to temperatures between 4 and 10ºC. This step is repeated 
several times to continue with the packaging process of the product, sometimes more than 24 
hours. The use of slow pasteurization is adapted to process small quantities of milk up to 
approximately 2.000 liters daily, otherwise it is not advisable. It avoids the proliferation of the 
organisms but milk has to be cooled slowly [28], [27]. 
8.2. CONVENTIONAL PASTEURIZATION 
It takes place at temperatures from 72 to 75ºC for 15 to 20 seconds and then milk is cooled 
at temperatures of 4 to 5ºC. During this thermal process all the pathogenic bacteria are 
eliminated as yeasts and moulds, even though not the toxins and others. Milk contains 
enzymes, which are being inactivated when the thermal process overcomes the 78ºC. When 
having it treated with a thermal soft process, there are no changes on the characteristics and 
the nutritional value of the food is scanty. The useful life of the pasteurized food is minor than 
that of the sterilized ones since the temperatures and the time to which it is subjected to the 
thermal process is minor than in the case of the sterilized food ([28],[29], [15]). 
8.3. ULTRA HIGH TEMPERATURE ( U.H.T) 
U.H.T consists of a thermal process of constant flow, in which the milk is subjected to 
temperatures from 135 to 140ºC for 2 to 4 seconds. Immediately followed by a cooling at room 
temperature and then it is kept in sterile containers closed hermetically, for its later storage. It 
assures the commercial sterility keeping the properties of milk intact and especially its 
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nourishing quality, which can be commercialized to temperature set. Doing so, the destruction 
of all the live micro-organisms is reached, including spores. On the other hand, the heating in 
the process U.H.T can be directly affected by indirect steam injection or through a heat 
exchanger. In both cases milk free of pathogenic microorganisms is obtained. This process is 
carried out in a sterilized closed system which avoids the contamination of milk ([28],[29], [15]). 
The product comes directly into contact with the heating way (steam) and later it is later 
cooled for sudden expansion by means of vacuum. In direct systems the water is added to milk, 
so the water steam condensed is liberated by expansion to the vacuum and this way the 
product recovers its original composition. This system could cause the interaction between 
proteins and/or fatty acid which leads to stability problems in milk (floccules). That is the reason 
why the homogenization is done after the treatment. The direct systems are divided in two 
categories [30]:  
- System of steam injection: the water steam is injected in the product.  
- System of steam infusion: the product gets in an equipment container full of steam.  
In the indirect systems, the heat is transferred from the heating way to the product through 
an exchanging surface. The product never comes into contact with the heating fluid.  
Different ways can be used like heat exchanger of plates, an exchange of tubular heat or a 
heat exchanger of scraped surface. It is possible to combine the types of heat exchangers in the 
indirect systems, in accordance with the product and the process needs [30]. Few pumps are 
required to flow the liquid along the pipelines in turbulent regime in order to heat it uniformly for 
what it is necessary to use high pressures. It works at high temperatures above 132°C. 
One of the advantages of this method is the high quality reached and longer life in shelf. It 
lasts for a useful life of 6 months, without refrigeration. Moreover, there are not needed 
refreshed vehicles for its transport which decrease the transportation cost. But not all are 
advantages. Complex equipment is needed for aseptic packaging, more experienced operatives 
and support sterility in the aseptic packing is required. Moreover, lipase which are thermo 
resistant or protease can lead to a deterioration of the flavor and aging milk. 
8.4. UPERIZATION OR INJECTION 
      It is the abbreviation of ultra pasteurization. In this process the bacteria are completely 
eliminated. Its lethal process takes place during 1,5-2 seconds. The uperization, is a treatment 
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in which milk lasts shorter. It consists of an injection of direct steam at 148ºC during only 2 
seconds and 4 tenths. This way the vitamins are kept, as well as proteins and minerals of milk, 
its flavor and natural color, too. It is the only method that avoids the oxidation of milk because 
during the process the oxygen is extracted. It keeps the whole own smell, flavor and color of just 
fresh milked milk [15].  
8.5. HIGH TEMPERATURE SHORT TIME (HTST) 
This method is the most used nowadays in liquids, like milk, fruit juices or beer. As a 
general rule it is the most suitable since it exposes the food to high temperatures during a brief 
period of time and a little industrial equipment is only necessary to realize this process, as a 
valuable degradation of flavor does not produce.  Moreover, it has determined the survival rate 
of the vine-stocks of different microorganisms during the pasteurization of milk and there has 
been detected that the U.H.T pasteurization under certain conditions destroys the vitamin A and 
vitamin B [31]. 
 The resultant pasteurized milk in HTST treatment is not sterile, so that it is necessary to 
cool it rapidly after the pasteurization in order to anticipate the multiplication of the surviving 
bacteria.  There are two different methods under the category of HTST pasteurization:  
- "Batch" process: a great quantity of milk is warmed up in an autoclave reactor. It is a 
method used nowadays, especially by the small producers due to the fact that it is a simple 
process.  
-  Process of “constant flow ": the food is kept between a plate heat exchanger and a tubular 
heat exchanger. This method is most applied by the food processing industries to a major scale, 
since the method allows to carry out the pasteurization of large food quantities in a short time 
like in the case of dairy industry. 
This method presents a lot of advantages. It can process large volumes of milk and it 
exposes the food to high temperatures, below 100ºC, during a brief period. The industrial 
equipment needed to carry out the process is rather low, reducing hereby maintenances costs. 
The automation of the process assures a better pasteurization. As it is a closed system, the 
contamination is avoided. The main disadvantage is that it cannot be adapted to process small 
quantities of milk and it requires highly qualified staff. The rubbers gaskets that connect the 
plates are too fragile and the drainage is difficult. There is a limit of temperature. Standard 
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rubber gasket admits a maximum operating temperature of 150ºC, depending on the nature of 
the rubber gasket used ([32], [33]). Table 6 shows a summary of the thermal treatments 
aforementioned. 
TEMPERATURE (ºC) TIME TYPE OF PASTEURIZATION 
63 30 MIN VAT 
72 15 S HTST 
89 1,0 S ULTRA PASTEURIZATION 
90 0,5 S ULTRA PASTEURIZATION 
100 0,01 S ULTRA PASTEURIZATION 
138 2,0 S U.H.T 
Table 6. Average temperature and time of pasteurization milk for different thermal treatments [34]. 
8.5. 1. PLATE HEAT EXCHANGER 
Plate exchanger was first used for the treatment and the pasteurization of milk to satisfy the 
need to possess an equipment of easy cleanliness, without irregularities where they could 
shelter bacteria and that its development was not even promoted. In addition, the production of 
milk needs high coefficients of heat transfer in order that the time of residence, especially at 
high temperatures, is minimum. HTST systems need devices able to heat faster, as the changer 
of plates [35]. 
The plate exchangers are from the type recovery and compact. In them, heat transference 
takes place between two fluid currents which do not have contact between them. The stream 
involved currents are separated between them by a thermo-conductor wall from which the heat 
is transmitted by convection and conduction from the heat liquid way to the cold. In many 
industrial applications the plate heat exchanger has displaced that of tubular type, for two main 
reasons. The coefficient of heat transfer is higher, which allows to construct more compact 
equipments and with minor residence time of the fluids and they are easily detachable. Some 
models of plate exchangers cannot be disassemble due to the fact that the plates are welded. 
That is why the interchanger of gaskets is advisable. 
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Cold and warm fluids go into the connection orifices and circulate along the channels that 
are formed between plates without being able to be mixed. A fluid is led by the odd channels 
whereas the other one is led by the couples. The distribution of the fluids by their corresponding 
channels is done by means of a series of gaskets in the odd channels that do not allow the 
entry of the fluid that has to circulate along the couples, and in the couples that the entry does 
not allow of that of the odd ones. Generally, though multiple configurations exist, the flow of 
both fluids is done in cross-current and in one step. Thus the sense of traffic of a fluid is the 
contrary of the other one. The heat transfer in this exchanger is more effective than the parallel 
one. 
 The most used material for the sheets is the stainless steel, resistant to the corrosion and 
low thermo-resistance. The thickness of the plates is comprised between 0,4 mm and 1 mm. In 
order to increase the surface to heat transfer, plates present a corrugated relief that help to 
induce a high level of turbulence even for average relatively low rates (0,25 m/s to 1 m/s) [34]. 
Due to the corrugation of the plates and the increase of the turbulence a better transfer of the 
heat is obtained. Two big groups of corrugation systems can be differentiated: "intermating" type 
and " Chevron”’ type that is the most used. The Figure 3 shows the channels where the cold 
fluid and the warm circulate. The number of plates is decided depending on program of 
temperatures and on the flows, physical properties of the fluids, losses of admissible load. 
 
 
 
 
Figure 3. Flows and temperatures in the plate heat exchanger [36]. 
Plate heat exchangers present several advantages compared to the tubular ones. On the 
one hand, they are easily disassembled. All the surfaces can be cleaned easily either by 
manual or chemical methods. They diminish the dead times and a special equipment of 
cleanliness is not required. The costs of maintenance are minor. This advantage is particular of 
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those of type joins since the interchangers of welded plates cannot be dismantled and they 
need from more complex methods of cleanliness. 
Moreover, they present a major global coefficient of transfer; up to five times higher to those 
obtained for the units of pipe and framework. This implies a minor area needed for heat transfer 
and therefore less installation weight and volume cost reduction up to 90 % is achieved as a 
consequence of less area of heat transfer ([33], [35]). 
In addition, it allows the application of flows in cross-current in the majority of the 
applications. It is possible to work even with differences of temperature of up to 1ºC, maximizing 
the possibility of heat recovery. The symmetry of the channels eliminates the need to decide 
which of the fluids will circulate along the pipes and which along the shell, provided that the 
sides of the plate are equivalent. 
 One of the most important advantages is they are adaptable and their design is modularly. 
The capacity can be increased or diminished in spite of only setting or removing plates. The 
change of the disposition of the plates allows modifying the program of operating temperatures 
easily and even its utilization in different processes. Heat-sealed do not present this 
characteristic since its disassembly and extension are not possible. In case of those of shell and 
pipe it is not easy to adapt them to the changes of the thermal demand.  
Plate heat exchangers present three main limitations. Firstly, the metal sheet, should be 
wavy or not, is not an element adapted to support high pressures, so that the maximum 
pressures for the most common models are from 10 to 15 bar, though there are models capable 
of supporting slightly major pressures. This is due to the risk of the break of the union ([33], [35]). 
Then, there are several types of materials of the union that have a maximum limit of 
operating temperature from 140 to 150ºC. Due to the narrow channels between plates, the drop 
of pressure across a plate interchanger is relatively big, for what it is necessary to bear in mind 
the investment and the costs of operation and maintenance of the system of pumping when 
comparing it with other types of exchangers ([33], [35]). 
8.5.2. Design of the plate heat exhanger 
A complete process of HTST pasteurization is composed by several equipments  namely a 
tank of entry, a pump to flow the mixture, a four section plate heat exchanger, a recirculation 
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valve, a heating system, control elements, pipes and union accessories ([15],[36]). Flowsheet of 
this process is showed in Figure 4.  
 
  
 
 
 
 
 
 
Figure 4. HTST process with a plate heat exchanger of four sections [37]. 
Milk reaches the equipment exchanger at 45°C approximately; from a tank and the pump 
flows it to the first section. It warms up for regeneration.  In this section of regeneration, the raw 
milk is warmed up to 68°C approximately, in cross-current, by means of the already pasteurized 
mixture, which temperature takes advantage in this zone of regeneration. On having gone out of 
the section of regeneration, the milk passes thought a filter that eliminates impurities that it 
could have obtained. Then, this milk goes on to the heat changers of the zone where one 
warms it up to the temperature of pasteurization, this one is 84°C by means of water at 90ºC, in 
cross-current also. Warm water is in continuous circulation by a pump which takes it from a 
boiler. Since the water is cooled, a steam injection is needed. This action is done through a 
regulatory valve controlled to fix the temperature mixture at 84ºC. When this temperature is 
reached milk goes on to the section of temperature retention; this section can be constituted by 
an external pipe or a retardant included in the own interchanger; the most common is the pipe 
of retention; where the time that milk is retained is of 15 to 20 seconds. This time is enough to 
eliminate microorganisms. To the exit of the retention zone, milk passes to a valve of diversion; 
Lactose 
hydrolysis 
reactor 
Pump 
 
 
Cooling 
II 
 
 
Cooling I 
 
 
regeneration 
 
 
warming 
Exit to 
process 
Retention 
tube 
Cold water 
Warm water 
Raw milk 
Pasteuritzed milk 
Propylene Glycol 
68ºC 
82º
C 
84ºC 
18ºC 40ºC 
8ºC 
2ºC 
70ºC 28ºC 4ºC 
84ºC 
45ºC 
90ºC 
32 Valero Villarón, Alba 
in this valve, if milk does not reach the temperature of 83-84°C, it is automatically returned to 
the regulatory tank to be re-processed, but if milk reaches this temperature, it goes on to the 
zone of regeneration in order that it yields heat to the inlet, where it is cooled by raw milk up to 
70°C. From here milk goes on to the section of cooling where two zones are distinguished: one 
where the mixture is cooled until 28ºC by cold water at 18ºC in cross-current and another one 
where propylene glycol (Appendix 8) at 2ºC circulates. The tour finishes here going out from the 
exchanger at a temperature of 4°C. So as not to spend great tour to decrease its temperature 
and be able to reuse it, it is possible to install cooling water. 
The scheme represented in Figure 4 will be used to design the plate heat exchanger for 
HTST process by calculation and then the simulation to validate it. 
8.5.2.1. Numbers of the pasteurization in the industry 
The parameters of which it arranges [24] are the following : 
 - Flow of product to treating, mF and temperatures of entry and exit of the product, Te and   Ts. 
- Flow of the service fluid, it is water, propylene glycol or sterile milk according to the section, mw 
and temperatures of entry and exit of the product, te and ts. 
-  Range of usual values of plate heat exchangers properties (Table 7) 
- Plates properties and standard lengths used in the calculation [24] (Table 8) 
- Thermo-physic properties of the fluids in the plate heat exchanger (Table 9) 
  -The capacity of production used will be performed according to real data. In this case, in        
Catalonia the consumption of milk turns out to be 11.826.100 Liters per year [38]. Bearing in mind 
that the production of milk without lactose to regional level is 30 % it will take 6.500 L/h as a flow 
of production of the pasteurizer. 
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Table 7. Range of values allowed for plate pasteurizer [39],[40],[41],[42]. 
 
 
 
 
L(mm) Ep(mm) ap(mm) e (mm) Material 
894 1,6 243 0,4 AISI 316 
Table 8. Dimensions of the plates used for the calculation [24]. 
 
 
 
 
Thickness (mm) 0,5 -1.2 
Velocities (m/s) 0,1-1   
Exchanger area per plate (m2) 0,032-3,4 
Exchanger area per unit (m2) 0,1-2200 
Distance between 2 plates (mm) 1-5,5 
Wide of plate (m) 0,2-1,5 
Length of plate (m) 0,5-3 
Maximum drop of pressure (bar) 0,7 
Corrugating angle (º) 30-65 
U (W/(m2.K)) 1.500-3.000 
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Pasteurized milk 
 
Raw milk 
 
Warm water 
 
Propylene 
Glycol 
 
 
Cold 
water 
 
 
density kg/m3 
 
990,59 
 
1.006,44 
 
967,99 
 
1.031,71 
 
 
995,51 
 
viscosity kg/(m.s) 
 
7,10E-04 
 
6,10E-04 
 
6,20E-04 
 
6,35E-03 
 
 
8,20E-04 
 
Calorific Capacity J/(kg.ºC) 
 
3.950 
 
3.970 
 
4.200 
 
4.180 
 
 
4.180 
 
Conductivity W/(m.K) 
 
5,20E-01 
 
5,40E-01 
 
5,40E-01 
 
4,60E-01 
 
 
6,1E-01 
Table 9. Physical properties of the fluids implied in the pasteurization process [24]. 
This information will be sufficient to establish and to resolve a mathematical model based on 
several hypotheses which are described in the following paragraphs. 
8.5.2.3. Mathematical modeling 
The HTST pasteurizer consists of four sections. For it there will be designed a single plate 
heat exchanger assembled in an alone body where the sections are separated by plates of 
connection. In the following lines, the design of each section will be detailed: warming, 
regeneration and two of cooling. It will allow to determine the areas of heat transmission 
necessary for each of the renowned sections as well as the number of plates to be used. The 
iterative method of coefficients of heat transfer will be used to determine the validity of the 
above mentioned calculations [43]. The method consists of supposing a value of the coefficient of 
global heat transfer. It will be considered to be a flow in cross-current since that obtains a 
transfer of major heat than in case of the flow in parallel. 
In order to apply the selected method and simplify the calculation the following 
considerations were taken:  
- It will be supposed that there is not phase change for any of the fluids. 
 - The heat exchanger operates in stationary conditions.  
- The heat losses towards the exterior are insignificant. 
- The global coefficient of heat transfer is constant along the whole interchanger.  
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- The specific heats and the densities were considered to be constants in the range of 
temperature.  
- It will be supposed that the flows of fluid are equally distributed between the different              
surfaces. 
- Flow and temperatures of the fluids will be supposed to be uniform in the whole surface. 
Provided that this is not rigorously true and one lacks information it will be think that the fluids 
are to an average temperature determined between the entry and the exit. 
Later, there are exposed the steps followed to model the plate heat exchanger. 
Firstly, it is necessary to make an energy balance to be able to evaluate the heat needed to 
pasteurize the product. It is important to remember that the thermal losses are negligible. 
Therefore: 
                                                                        (8.1) 
                                       (8.2) 
                                   (8.3) 
                                                                                         (8.4) 
 
So, the Fourrier design equation established: 
                                                                (8.5) 
Where the logarithmic average temperature,      is defined the following way: 
                                                                 (8.6) 
                                                                (8.7) 
                                              (8.8) 
Normally, the canals on the ends of the interchanger consist of the half of surface of the 
interior canals and, therefore, they transfer less heat. The efficiency of the interchanger 
diminishes. For this reason it is necessary to introduce the correction factor, F, graphically 
determined by means of R and P factors (Appendix 9):  
                                                        (8.9) 
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                                                                                      (8.10) 
This way, the heat transferred along the interchanger will be: 
                                                                                        (8.11) 
And the heat transfer area, A: 
                                                                                   (8.12) 
In this point the value of U will be supposed according to literature. It takes 2.000 W/(m2.K) 
(Table 6). Now it is possible to calculate the number of plates, Np, using : 
                                                                                           (8.13) 
Where Ap refers to the heat transfer area of each plate. The number of plates has to be 
uneven as the number of total channels, Nct, trying adding one to the number of plates, dividing 
it by two gives the number of channels, Nc, for the fluid of service and the product. If the number 
of plates, Np, is bigger than 700, the design is considered incorrect. That is to say, the 
dimensions of the plates have to be verified. 
                            
    
 
 
   
 
                                                       (8.14) 
To be able to determine the convective heat transfer coefficients, it will be done from 
dimensionless numbers. For them it is necessary to calculate the area of total flow (Af) of fluids 
first.  
                                                                                               (8.15) 
Where ap is the effective width of every plate and Ep represents the distance between 
plates. On the other hand, the hydraulic diameter, De, is: 
                                                                               (8.16) 
Consequently, mass velocities of each fluid are: 
                                                                                               (8.17) 
                                                                                             (8.18) 
Now the dimensionless numbers will be calculated for each fluid, Reynolds, Nusselt and 
Prandtl , following the relations: 
                   
   
 
                                                                      (8.19) 
                   
   
 
                                                                        (8.20) 
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Where Ch and y are Kumar's coefficients (Appendix 10). They depend on the angles of 
inclination of the plate and on the regime of flow. The most common Chevron’s angles in dairy 
industry are between 30º and 65 º [44]. For what the heat transfer coefficients of convection were 
decided for every fluid using the following  relation: 
                                                (8.22) 
Which allow to calculate the global coefficient of design Uc: 
                                      (8.23) 
Where, 
e: thickness of plate.  
K: Conductivity of the material, in this case stainless steel 316 
Later it can be determined the global real heat transfer coefficient, UD, from a soiling factor 
Rd that for milk pasteurization is 0,1.     (m2.K)/W [45],[67]. 
                                                                            (8.24) 
Once done this, it is necessary to compare this calculated value with the guess of the 
beginning of the method. In order that the iteration is considered to be valid, the relation 
between UD supposed and the calculated one must be between 0,995 and the 1,05. Otherwise 
UD calculated would turn out to be the guess and the process would be repeated until the above 
mentioned condition is reach. 
                                 (8.25) 
Next it should be verified if the energetic balance is fulfilled.  
                           (8.26) 
If the balance is not fulfilled, another temperature of the fluid of service ts will be assumed 
When the condition has been fulfilled for the determination of the global heat transfer 
coefficient, the number of units of heat transfer NUT and the efficiency   can be calculated. 
                             (8.27) 
Where (m.Cp)min or Cmin  is the reason of minimal calorific capacity. 
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                                                            (8.28) 
With c=Cmin/Cmax 
For values of high NUT the efficiency increases slowly for which the utilization of a heat 
exchanger is not economically profitable (this happens for a NUT value higher than 3). The NUT 
is a size measurement of the interchanger bearing in mind that is directly proportional to the 
heat transfer area. NUT acceptable values are considered between 1,5 and 3,5 to effects of 
calculation ([36], [45], [53]). 
With this information it can be evaluated the number of steps for each fluid, Ns 
                                                             (8.29) 
With this it can be obtained the design parameters of a plate heat interchanger. Even this, it 
is necessary to calculate the pressure drop that will take place. It will be important information to 
select the pumps that flow the fluids. 
In this aspect, the loss of total pressure is the sum of the loss of pressure for each fluid of 
entry and exit of the equipment. 
                                                                          (8.30) 
With, 
            
                                                        (8.31) 
And the friction factor for a turbulent regime [33], 
  
   
     
                                                                                 (8.32) 
According to the literature in a heat interchanger the maximum loss of pressure is 
established to be 0,7 bar, above this value it would not be economically profitable. 
The process described will be repeated for the four sections. On the other hand, some 
restrictions have been kept in mind in the regeneration section: 
- It is recommended that the way of heating has a difference from 2 to 10ºC with the 
temperature of pasteurization. 
- Values of regeneration efficiency, Rg, can reach up to 75 % [26]. It will decide from the 
relation: 
                                                            (8.33) 
Where,  
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tp: pasteurization temperature (84ºC) 
ti: Temperature of enter of not pasteurized fluid 
tr: Temperature of the fluid pasteurized after the regeneration 
The iteration system followed to design the plate heat exchanger is represented in the 
Figure.5.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Iteration scheme of heat exchanger design. 
8.5.2.3. Summary of results obtained for reaction 
Once applied the procedure of calculation explained in paragraph 9.6.3.1, the thermal 
results obtained for a pasteurization temperature of 84ºC are presented in Table 10. The most 
significant differences with the model presented in Figure 4 are in the temperatures of the cold 
service fluids. This way, so that the balance sheets are fulfilled, the cold water has to enter in 
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the cooling I section at 10ºC until 22ºC and not 18ºC until 40 ºC as expected. Moreover, the 
propylene glycol enters in cooling II section at -1,0ºC and is gets cold until 11ºC. These changes 
will influence in the flow of service fluid necessary. 
On the other hand, in Tables 11 to 14, it can be seen that the values obtained fit well with 
those in Table 7. The pressure drop does not exceed the 0,7 bar established as advisable due 
to the low rates reached which are slightly below 1 m/s. So the design is economically 
profitable. The effective surfaces needed are rather small for the high transmission of heat that 
is obtained; the efficiency is highly supported by the turbulent flow. Moreover, the global 
coefficient transference, U, is important and about 2.500 W/(m2.K). The regeneration 
percentage is between 60 and 75 % ([27],[26), about 65 %, for what the heat recuperation in this 
section is important. The NUT values are acceptable around 3 which is rather high due to the 
fact that the plates are long and narrow with corrugations and angles offering more resistance to 
the fluid passing through them. Higher the NUT value is, more narrowly the interchanger tends 
to its thermodynamic limit altering the efficiency and the transference of the exchanger. So it is 
obtained a plate heat exchanger of 168 plates and four sections which seems in concordance 
with the literature and it is economically profitable. Nevertheless, it is necessary to evaluate the 
sterilitzation factor to consider the pasteuritzation effective and to validate the model. 
 
 
 
Section of the pasteurizer 
 
 
Description of fluids 
 
Hot Side 
 
Cold Side 
Te 
(ºC) 
Ts 
(ºC) 
 
te 
(ºC) 
ts 
(ºC) 
Regeneration Pasteurized milk-raw milk 84,0 70,0 45,0 68,0 
Warming Hot water-raw milk 90,0 82,0 76,0 84,0 
Cooling I Pasteurized milk-cold water 70,0 28,0 10,0 22,0 
Cooling II Pasteurized milk-frozen water 28,0 4,0 -1,0 11,0 
Table 10. Temperatures of entry and exit of each section and fluid. 
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Regeneration section 
 
Hot Side 
Sterilized Milk 
Cold Side 
Raw milk 
Warming section 
 
Hot Side 
Water 
Cold Side 
Raw Milk 
Mass flow (kg/s) 3,00 1,82 Mass flow (kg/s) 3,38 1,79 
Flow rate (m3/h) 10,90 6,50 Flow rate (m3/h) 12,57 6,50 
Pressure Drop (bar) 0,28 0,11 Pressure Drop (bar) 0,15 0,05 
Passes x Channel 1 x 11 1 x 10 Passes x Channel 1 x 16 1 x 16 
Linear Velocity (m/s) 0,77 0,47 Linear Velocity (m/s) 0,57 0,29 
 
Regeneration Section  Warming Section  
Heat exchanged (kW) 113,43 Heat exchanged (kW) 165,93 
Number of plates 31 Number of plates 20 
Effective heat surface (m2) 6,64 Effective heat surface (m2) 4,19 
U (W/m2.K) 2.379,28 U (W/m2.K) 2.304,81 
Liquid volume (l) 13,5 Liquid Volume (l) 8,7 
Frame length (mm) 
For a capacity of 39 plates 
437 Frame length (mm) 
For a capacity of 39 plates 
437 
NUT 2,6 NUT 1,74 
Efficiency 0,48 Efficiency 0,71 
  Rg (%) 64,10 
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Cooling I section 
 
Hot Side 
Sterilized Milk 
Cold Side 
Water 
Cooling II section 
 
Hot Side 
Sterilized Milk 
Cold Side 
Propylene Glycol 
Mass flow (kg/s) 1,83 6,05 Mass flow (kg/s) 1,86 3,47 
Flow rate (m3/h) 6,50 21,87 Flow rate (m3/h) 6,50 12,12 
Pressure Drop (bar) 0,05 0,46 Pressure Drop (bar) 0,02 0,06 
Passes x Channel 1 x 16 1 x 16 Passes x Channel 1 x 44 1 x 44 
Linear Velocity (m/s) 0,3 1,0 Linear Velocity (m/s) 0,11 0,20 
 
Cooling I section  Cooling II section  
Heat exchanged (kW) 303,606 Heat exchanged (kW) 173,91 
Number of plates 31 Number of plates 86 
Effective heat surface (m2) 6,55 Effective heat surface (m2) 18,61 
U (W/m2.K) 2.755,71 U (W/m2.K) 1.361,27 
Liquid volume (l) 13,5 Liquid volume (l) 37,4 
Frame length (mm) (for 39 plates) 437 Frame length (mm) (for 39 plates) 
 
1029 
NUT 3,2 NUT 3,5 
Efficiency 0,93 Efficiency 0,90 
Tables 11, 12, 13, 14. Parameters calculated for each section of the exchanger. 
8.5.2.4. Pasteurization factor 
To consider the pasteurization effective it is necessary that at least 90 % of the present 
microorganisms in milk are destroyed (Appendix 11). It is subjected of a temperature at which 
State of the art of lactose-free milk processes and design of a plate heat exchanger for  heat treatment  43 
sterilization factor F0 is not minor than 5 [46], [47]. The lethal effect of the pasteurization in the 
microorganisms can be expressed as a logarithmic function: 
         
  
 
       
   
 
                                  (8.34) 
 
Where, 
N: Number of microorganisms per gram left the product after a time t. 
N0: Number of microorganisms per gram at the time t=0. 
D: time needed to destroy the 90% of the microorganisms in the product. It is time of     thermal 
destruction or of decimal reduction in seconds 
t: heating time at a determinate temperature 
So, considering that the lethal wanted value is F0=5, the time needed to reach the minimum 
temperature of pasteurization is the following one, where Z refers to the increase of temperature 
needed to reach a thermal destruction of 90% D in degrees. In this case T=84ºC, D=25 s for 
Z=10,5 (Appendix 11 and 12). 
 
     
 
 
      
 
                                                                     (8.35) 
 
           
      
                                                           (8.36) 
This is related to the time of retention when the exchanger works at a pasteurization 
temperature of 84ºC. To assure a correct treatment it is recommended to maintain at 15s to 
84ºC. 
9. SIMULATION  
The following Figure collects the software simulation data obtained. It is in detail for each of 
the sections in the appendix 13 to 16. In the specification sheet of the appendix 17 there is 
described the interchanger simulated,  and its layout is presented in the appendix 18. 
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Figure 6. Sofware simulation of the plate  heat  exchanger [23]. 
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10. RESULTS AND DISCUSSION 
It can be verified that results obtained are in accordance with the literature and fit with the 
simulation. This way, the number of necessary plates calculated is 168 against 169 [48]The total 
heat effective surface calculated is 35,99 m2 and 33,8 m2 [48], with a 6,5 % of relative error which 
is very acceptable. 
This exchanger has a total frame length of 1.329 mm with a capacity of 267 plates [48]. 
Therefore and since it was mentioned previously it has a capacity for almost 110 additional 
plates, which is one of the advantages of the plate interchanger.  
The comparison of Tables 15 to 18 with the results obtained by calculation and simulation 
values provided, are exposed later to verify the validity of the results for each section.  
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Table 15, 16, 17, 18. Results comparison with calculated values with the simulation ones. 
The pressure drop does not coincide with the information provided by the manufacturer with 
errors of 40 %. These depend on a great extent on the design of the plates. Another difficulty is 
that the manufacturer does not detail the design of the plates; there is not information about the 
corrections as angle of the corrugations. The relation between high size and width is kept in 
mind in the calculations although for cooling sections mass flows of service fluid do not agree. 
For what, the reason of this mistake is the lack of information of the plates used in the 
equipment. Also, it can be said that the value of the pressure drop is more or less similar in 
magnitude when the plates are of a certain size.  
On the other hand, about the global coefficient U, the error ranges between 2 and 18% and 
the number of plates calculated is quite close to the provided ones. It can be said that below 25-
30% the model can be validated being acceptable errors.  
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11. CONCLUSIONS 
 
In the present project, it has been determined that the best method to obtain free lactose 
milk is the enzymatic hydrolysis by means of soluble enzyme.  
 The enzyme  -galactosidase from K.lactis shows its major stability at 45ºC and with a pH of 
6,5, what offers the ideal conditions for the hydrolysis.  
 The kinetic model of Michaelis-Menten of inhibition for galactose has proposed that the 
hydrolysis of lactose by means of  -galactosidase implies that the lactose and the galactose 
occupy the active place of the enzyme with the same probability.  
 The utilization of soluble enzyme is more profitable since it does not importantly affect neither 
the initial investment nor the costs of production. The drop in prices of this type of enzymes in 
regard to the immobilized and the social prejudices referring to the biotechnology are reasons 
that explain this preference.  
 To obtain the final product where the enzymes have been deactivated and micro-organisms 
eliminated, the continue method of pasteurization, HTST, allows to preserve the properties of 
milk, like calcium and vitamins, and it makes suitable for human consumption.  
 The information found in the literature regarding the parameters and variables that take part in 
this thermal treatment has allowed to model mathematically an HTST pasteurizer. This model 
has been validated by means of the simulation of the plate exchanger provided by the company 
with errors below 25% [48]. 
It should be interesting to study the possibility to obtain free-lactose milk from membrane 
technologies at the same time dairy whey is treated. So, the conversion of the lacteal whey in a 
product with an added value and with the possibility of being exported could bring an economic 
positive impact as well as an interesting commercial and development possibility. 
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13. ACRONYMS 
HTST: High Temperature Short Time 
U.H.T: Ultra High Temperature 
DQO: Chemical Demand of Oxygen 
MES: Suspended matter 
DBO: Biochemical Demand of Oxygen 
GHG: Greenhouse Gases 
FAO: Food and Agriculture Organization 
GRAS: Generally Recognized as Safe 
FCC: Food Chemical Codex 
Overwritten symbols 
PropGlycol: Propylene Glycol 
Nomenclature 
A :  Heat transfer area, m2 
Af : Area of total flow of fluids, m2 
ap:  Effective width, m 
Cmin:  Reason of minimal calorific capacity, W/K 
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Cp: Calorific capacity, J/(kg.ºC) 
D: Time necessary to destroy the 90% of the micro-organisms in the product. It is the time of 
thermal destruction or of decimal reduction in seconds 
De:  Hydraulic diameter, m 
E:  Thickness of plate, m 
Ep: Separation between plates, m 
F:  Correction factor 
F0:  Lethal value 
f:  Friction factor 
Gf:   Mass velocity of product to treating, kg/(m2.s) 
Gw:  Mass velocity of service fluid, kg/(m2.s) 
H:  Heat transfer coefficient of convection, W/(m2.K) 
K:  Heat transfer coefficient of conductivity, W/(m.K) 
K: Conductivity of the material, in this case stainless steel 316, W/(m.K) 
mf :  Flow of product to treating (raw or pasteurized milk), kg/s 
mw:   Flow of the service fluid (water or raw milk) 
N:  Number of micro-organisms per gram which rest in the product after a time t. 
N0:  Number of micro-organisms per gram at the time t=0. 
Nc:   Number of channels for each fluid 
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Nct:   Number of total channels 
Np:  Number of plates 
Ns:  Number of steps of each fluid 
Nu:  Nusselt number 
NUT:  Number of units of heat transfer 
Pr : Prandtl number 
ΔPt:  loss of total pressure,Pa 
ΔPf : Loss of  pressure of fluid treated, Pa 
ΔPw: Loss of pressure of service fluid, Pa  
Q:  heat flow exchange, J/s 
Re:   Reynolds number  
Rd:  Soiling factor 
Rg:  Regeneration efficiency, % 
t: Time of heat at a determinate temperature 
te:   Temperature of entry of service fluid ,ºC 
ti:  Temperature of enter of not pasteurized fluid 
tp:  Pasteurization temperature (84ºC) 
tr:  Temperature of the fluid pasteurized after the regeneration 
ts:   Temperature of entry of service fluid ,ºC 
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Te:   Temperature of entry of product to treating, ºC 
Ts:   Temperature of exit of product to treating, ºC 
       Logarithmic average temperature 
Uc:  Global coefficient of design, W/(m2.K) 
UD:  Real heat transference coefficient, W/(m2.K) 
Z:  Increase of temperature needed to reach a thermal destruction of 90% D, ºC 
Greek symbols 
   Efficiency 
   Density, kg/m3 
    Viscosity, kg/(m.s) 
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APPENDIX 1: COMPETITIVE INHIBITION BY PRODUCT 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Competitive inhibitor occupying the active place [65]. 
 
 
 
 
58 Valero Villarón, Alba 
 
APPENDIX 2: LIMIT VALUES OF MILK EMISSIONS  
 
State of the art of lactose-free milk processes and design of a plate heat exchanger for  heat treatment  59 
 
APPENDIX 3: COMPARISON OF IMMOBILIZATION 
METHODS 
 
 
Table 19. Immobilization methods [24]. 
 
 
 
Table 20. Advantages and disadvantages of immobilization enzyme methods [48]. 
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APPENDIX 4: STUDIES OF PH AND TEMPERATURE 
FOR LACTASE FROM KLUYVEROMYCES LACTIS 
 
 
Graphic 1. pH effect above the activity of lactase from kluyveromyces lactis using a concentration of 
lactose of 128g/l [2]. 
 
 
Graphic 2. Temperature effect above the activity of lactase from kluyveromyces lactis using a 
concentration of lactose of 128g/l [2]. 
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APPENDIX 5: LACTOSE HYDROLISIS METHODS IN 
THE DAIRY INDUSTRY 
 
 
 
 
 
 
 
Table 21. Immobilized lactase techniques available in the market [21]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 22. Comercial methods of lactose hydrolysis [14]. 
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APPENDIX 6: PRODUCT SHEET OF LACTOSYM PURE 
 
 
 
 
 
State of the art of lactose-free milk processes and design of a plate heat exchanger for  heat treatment  63 
 
 
 
 
 
 
 
64 Valero Villarón, Alba 
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APPENDIX 7: BUDGET OF LACTASE 
IMMOBILITZATION 
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APPENDIX 8: PROPYLENE GLYCOL 
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Propylenglycol is a so versatile product that has turned into the favorite product of food 
industries. The more common applications is the fact of being a way of heat transfer of low 
temperature. It is applied in systems of cooling brewery and lacteal industries, as well as for 
other equipments of refrigeration in direct contact with food or drinks. In watery solution, it 
presents excellent antifreezes properties. 
 
The Propylenglycol is completely miscible with water. It is the only one between the glycols 
with low toxicity allowing its utilization as direct additive in food. However, the functions of a 
good cooling liquid are to control the quality of the water, to protect of the corrosion and to 
reduce the temperature of the system. Due to the possibilities of corrosion that can happen for 
the mentioned applications, it is advisable use a product inhibited that provides to the system 
freeze and corrosive protection. The Propylenglycol USP/EP is the base of the liquid 
DOWFROST, one of the fluids of heat transfer patented by Dow.  It expires with the 
requirements of the FDA and the USDA for its use in applications where there can be accidental 
contact with food. DOWFROST offers a series of advantages on other cooling products as the 
frozen water or the brine. Given the very low toxicity of the fluid, there exists less risk that the 
product remains unusable if there was pollution due to small escapes in the system.  
 
A concentration of 30 % of DOWFROST allows temperatures of operation of-12,2°C. In 
contrast, the systems of frozen water do not reach low temperatures to 1,1°C. For applications 
that need temperatures furthermore low, one can use a concentration of 50 % of propylenglycol 
for producing the system up to-33°C. The frozen water and the brine can turn out to be 
corrosive enough for the metallic parts of the system. The fluid of heat transfer DOWFROST 
expires with all the procedure of the method of test of corrosion ASTM D1384. This process has 
notable advantages on the conventional freezing provided that it diminishes drastically the time 
of the cycle of freezing, the requirements of space for the equipment are minor and the flexibility 
of the plant is improved. It has a useful life of 20 years in the refrigeration system [49],[50]. 
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APPENDIX 9: GRAPHIC DETERMINATION OF F 
FACTOR 
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APPENDIX 10: KUMAR CONSTANTS 
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APPENDIX 11: Z AND D VALUES FOR STERILIZATION 
FACTOR 
 
 
 
 
 
 
 
 
 
 
Table 21. D and Z values [45] 
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APPENDIX 12: MICROBIOGICAL LIMITS 
ESTABLISHED FOR COW’S MILK 
Limits established in the annexes I and III of the Regulation CEE 2377/90 for the raw 
cow’s milk  
The raw cow’s milk destined for the production of consumption milk treated térmically, of 
fermented, studded milk, coagulate or aromatized and of creams will fulfill the following 
procedure: 
 
Content of germens to 301C (per ml) < 100.000 (a) 
Content of somatic cellules  (per ml) < 400.000 (b) 
 
a) Geometric average observed during a period of two months, with two samples, at least, a 
month. 
b) Geometric average observed during a period of three months, with a sample, at least, a 
month, or, when the production is very variable depending on the station, the method of 
calculation of the results will adapt in accordance with what arranges the community procedure. 
 
MICROBIOLOGICAL CRITERION FOR THE PASTEURIZED MILK  
 
It exists Microbiological Norm applicable to the pasteurized milk, on order of February 11, 1987 
(B.O.E. 20-2-87), where the General Norm is modified for the pasteurized milk. · 
 
 Inventory of aerobic colonies mesophylls.................................. Maximum 1 x 10^5/ml · 
 Total Enterobacteriaceae........................................................ Maximum 1 x 10 col./ml · 
 Tries of phosphatase ................................................................Negative 
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APPENDIX 13: SIMULATION OF REGENERATION 
SECTION  
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APPENDIX 14: SIMULATION OF WARMING SECTION 
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APPENDIX 15: SIMULATION OF COOLING I SECTION 
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APPENDIX 16: SIMULATION OF COOLING II SECTION 
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APPENDIX 17: PLATE HEAT EXCHANGER 
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APPENDIX 18: PLATE HEAT EXCHANGER LAYOUT 
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